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Abstract To obtain multiple monoenergetic neutron sour-

ces and realize the on-site calibration of radiation moni-

toring equipment for nuclear-involved places, the structural

characteristics and neutron source features of D-T neutron

tube were analyzed; Monte Carlo method was adopted to

simulate the effect of interaction between typical materials

and different energy neutrons; multilayered shielding

materials were combined and optimized to acquire the

optimal scheme to shield the neutron sources from the

neutron tube. On the base, a tapered alignment filtration

construction was designed and Monte Carlo method was

employed to simulate the effect of alignment construction.

The result showed that the tapered alignment filtration

construction can create monoenergetic neutrons including

14.1 MeV, 0.18 MeV and thermal neutrons and demon-

strated good monochrome performance which provides

multiple monoenergetic sources for the on-site calibration.

Keywords Neutron tube � Monte Carlo method �
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1 Introduction

To obtain the monoenergetic neutron sources, standard

source items [1, 2] should be available for the on-site cali-

bration of neutron radiation monitoring instrument and the

neutron tubes, which have advantages of low cost, easy

protection and maintenance, lightweight and simple

operation (regarded as one of source items with wide pop-

ularity) [3–5]. However, disadvantages of launching at 4p
angle of neutron sources and the single energy point can

restrict the application of neutron tubes to on-site calibration.

To solve this problem, Monte Carol method was adopted in

this paper to analyze the effects of interactions between

typical materials and different energy neutrons. With the

obtained optimal shielding structure of neutron sources from

the neutron tubes, a tapered alignment filtration system was

designed to restrict the launching angle. Then, we obtained

themonoenergetic neutrons with different energies to realize

‘‘multiple energies from one source’’ in the neutron tubes.

2 Theoretical analysis

D-T neutron tubes are mainly characterized by no radi-

ation without powers, outgoing neutron being the

monoenergetic neutrons approximately [6], average energy

of 14.1 MeV and isotropy of neutron outgoing. To obtain

the monoenergetic neutrons, it is necessary to design a layer

of shielding filtration structure to filter the neutrons with

approximate isotropy and transfer them into monoenergetic

neutrons. First of all, shielding structure studies should be

carried out. Heavy materials are used to moderate fast

neutrons for they have larger inelastic scattering section

[7, 8]. Hydrogenous materials with larger elastic scattering

section can carry out further slowing down to decrease the

neutron energy to the thermal neutron zone. And the ther-

mal neutrons can be absorbed through nuclear reaction (n,

x) which retains the neutrons inside the shield, so as to

achieve the goal of shielding. Normally, the absorption

section of boron is relatively large [9], but a charged par-

ticles and secondary c ray will be generated at the same time
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if boron is used as shielding materials. The range of a ray is

short and easily shielded. Finally, the heavy metal materi-

als, such as lead, are applicable to realize the target of

shielding c ray [10–12]. Therefore, it is proposed to set four
layers of shielding material to shield the fast neutrons which

are produced by neutron tubes, as shown in Fig. 1.

3 Design and verification of optimal shielding
structure

3.1 Structure design

Since the average energy of outgoing neutron is 14.1 MeV,

metal materials like copper (Cu), ferrum (Fe) and tungsten

(W) can be chosen to slow down and transfer 14.1 MeV into

intermediate and low-energy neutrons [13–15]. At this

moment, hydrogenous materials with larger elastic scattering

cross section such as polyethylene and water can be selected

to further slow down the neutrons [16]. And the third layer is

neutron absorption material. Boron has relatively large

absorption cross sections, soB4C can be selected to absorb the

thermal neutrons [17, 18], but in this process, a large amount

of secondary c rayswill occur [19, 20]. To reduce asmany asc
rays, lead is proposed to absorb c photons to obtain the opti-

mal structure. To create enough space inside the shield, it is

planned to adopt cuboid structure for the shield and there is a

cuboid cavity with a dimension of 5 cm 9 5 cm 9 240 cm

in the shield (shown in Fig. 2 without the red tapered align-

ment hole) considering the structure size of the neutron tubes

(investigated in this paper).

3.2 Simulation verification

To acquire the thickness of all layers of shielding mate-

rials, MCNP program will be employed to simulate layer by

layer. The materials with different thicknesses and types are

used for combined comparison. The materials mentioned by

former section at first three layers are typed into MCNP

software simultaneously. The types of materials at the first

and second layer and the thickness of materials at the third

layer are changed. The corresponding changing curves of

neutron fluence that varies with energy transformation are

displayed in Fig. 3. It can be seen that the neutron fluence

decreases to below 0.025 %. Accordingly, six combining

schemes of the first three layers of materials can be obtained.

In order to sharply alleviate the influence of c ray on the

neutron radiation field, lead is proposed to be used as the

shielding materials for the third layer. Under the combing

schemes of the first three layers, the variation of c relative

fluence with the thickness of Pb is displayed in Fig. 4.

According to Fig. 4, it is suitable to determine the thick-

ness of lead shielding layer as 10 cm.

4 Design and verification of alignment structure

The D-T neutron tube excites neutrons with average

energy of 14.1 MeV at 4p angle direction. To realize the

result of ‘‘multiple energies from one source’’ of neutron

Fig. 1 Principle of neutrons

slowing down

Fig. 2 Scheme of collimating structure: a horizontal and b vertical

section
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source, it is necessary to design a neutron alignment fil-

tration structure. General neutron alignment structures

include cylindrical outlet structure, multitube outlet struc-

ture and tapered outlet structure.

The neutron shielding filtration system in this paper will be

applied to calibration research, so outgoing neutron should

cover the whole detector zone. Considering that cylindrical

outlet structure and multitube outlet structure have relatively

small coverage, thus this paper adopts tapered outlet structure

as the neutron alignment structure. In the meanwhile, due to

neutrons with different energies having different cross sec-

tions on the materials, after the neutrons (from the neutron

tubes) are slowed down and absorbed by filtration mediums,

neutron energy can gather at a certain segment, thus forming

quasi-monoenergetic neutrons.

4.1 14.1 MeV monoenergetic neutron

4.1.1 Design

The neutron source of D-T neutron tube can outgo the

neutrons with average energy of 14.1 MeV and the neutron

energy range is relatively narrow, so it can be approximately

viewed as monoenergetic neutron source. To obtain 14.1 MeV

quasi-monoenergetic neutrons, a tapered alignment hole should

be designed on the shielding structure and 14.1 MeV

monoenergetic neutrons can be directly obtained without any

shielding. In consideration of the size of shielding structure, the

scheme of W (35 cm) ? (CH)n (10 cm) ? B4C (0.l cm) ?

Pb (15 cm) is taken as the example to design the alignment

structure. The tapered alignment hole has an axial symmetry

Fig. 3 Neutron fluence versus energy

Fig. 4 Gamma relative fluence versus thickness of Pb
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structure which guarantees that the tapered alignment projec-

tion can completely cover themonitor at the location (1 m from

the source center), with a taper angle of 25�, and the alignment

structure is displayed in Fig. 2.

But due to scattering effects of various materials, a lot of

scattering neutrons will generate. The primary scattering

neutrons include two parts. The first part includes the

scattering neutrons created by interaction between the

innermost shielding materials and 14.1 MeV neutrons; the

other part contains the scattering neutrons produced by

interaction of alignment hole inner surface and neutrons as

well as the neutrons leaked from the alignment hole inner

surface in the transportation process of shielding layer.

In addition, through simulation of variation of scattering

neutrons with material thickness, W shows good scattering

effect on 14.1 MeV neutrons. To reduce as many as

impacts of scattering neutrons, a kind of materials with

weak scattering effect on 14.1 MeV neutrons is added to

the innermost shielding layer. Based on the simulation

result, at the innermost shielding layer, a layer of boracic

polyethylene with a thickness of 10 cm is added to reduce

generation of scattering neutrons; on the tapered alignment

hole inner surface, the optimal thickness of boracic poly-

ethylene is 25 cm. In this case, except reducing the scat-

tering effect, the boracic polyethylene can reduce the

leaking neutrons to enter the alignment hole; if boracic

polyethylene filtration layer is added to the alignment hole,

due to serious scattering factors, it has worse result than the

case where boracic polyethylene is not added. Thus, it is

only necessary to add boracic polyethylene to the inner-

most shielding layer and alignment structure inner surface

to obtain 14.1 MeV monoenergetic neutrons.

4.1.2 Verification

A shielding hall in Xi’an is adopted as the background to

simulate the filtration effects of different design schemes.

The average neutrons and c energy spectrums within the

measurement zone with radium of 50 cm and interval of

1 m at a distance of 1–9 m from the source are recorded. It

is assumed that the yield of neutron tube is 5.0 9 108 s-1

(the yield of neutron tube in this paper is not less than

5.0 9 108 s-1). The shielding filtration scheme is used to

obtain 14.1 MeV neutrons, and the neutrons and c energy

spectrums are displayed in Fig. 5a, b.

Figure 6 shows that this design scheme is able to obtain

14.1 MeV neutrons with good monochromaticity. With

increased radial distance, reducing of neutrons and c rel-

ative fluence will be fast. The neutron energy spectral

patterns at different locations are similar basically. The

neutron monoenergetic peak is 14.1 MeV, while c ray has

some influence.
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Fig. 5 Energy spectra of neutron (a) and c (b) for obtaining 14.1 MeV neutrons
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Fig. 6 Energy spectra of neutron (a) and c (b) for obtaining 0.18 MeV neutrons
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4.2 0.18 MeV monoenergetic neutron

4.2.1 Design

Tungsten (W) has good shielding effect on 14 MeV fast

neutron and can generate a large amount of intermediate

and low-energy neutrons after being slowed down; B4C has

good shielding performance on the thermal neutrons, and

when B4C has a thickness of 0.2 cm, it can absorb all

thermal neutrons. To obtain monoenergetic neutrons with

energy of about 1 MeV, W material layer can be combined

with 0.2 cm B4C to filter and absorb 14 MeV fast neutrons.

Through simulation of MCNP software, the result shows

that with the increase in W layer thickness, high-energy

14 MeV neutrons are gradually reduced and intermediate

and low-energy neutrons are gradually increasing. When

the thickness of W layer is 30 cm, the ratio of intermediate

and low-energy neutrons to high-energy neutrons is max-

imized and optimal monoenergetic neutrons can be

obtained with energy peak of 0.18 MeV.

4.2.2 Verification

The shielding filtration scheme is used to obtain

0.18 MeV neutrons, and the neutrons and c energy spec-

trums are displayed in Fig. 6a, b. This figure suggests that

this design scheme can obtain 0.18 MeV neutrons with

good monochromaticity. With increased radial distance,

reducing of neutrons and relative c fluence will be fast. The
neutron energy spectral patterns at different locations are

similar basically. The neutron monoenergetic peak is

0.18 MeV, while c ray has some influence.

4.3 Thermal neutrons

4.3.1 Design

Polyethylene has good shielding performance for the

intermediate and low-energy neutrons below 1 MeV, while

it has bad shielding performance for thermal neutrons. It is

suggested to combine W and polyethylene as the shielding

materials to obtain thermal neutrons.

The result of MCNP software simulation shows that with

increased thickness of polyethylene, outgoing neutrons

gradually reduce, but the neutron energy spectrums resolu-

tion gradually decreases. When the thickness of poly-

ethylene is 4 cm and W is 30 cm, we can obtain the thermal

neutron energy spectrums with best monochromaticity.

4.3.2 Verification

The shielding filtration scheme is used to obtain the

thermal neutron structure, and the neutrons and c energy

spectrums are displayed in Fig. 7a, b. According to the

figures, we can find that this design scheme can obtain

thermal neutrons with good monochromaticity. With

increased radial distance, reducing of neutrons and elative

c fluence will be fast. The neutron energy spectral patterns

at different locations are similar basically. The neutron

energy decreases below eV order, while c ray has some

influence.

4.4 Discussions about c ray influence

Monoenergetic outgoing points of 14.1 MeV, 0.18 MeV

and thermal neutrons can be obtained by the tapered

alignment filtration structure. However, some c rays are

produced by the filtration materials meanwhile. Monoen-

ergetic performance will deteriorate if shielding structure

used to reduce c influence. To resolve the contradiction

between obtaining monoenergetic neutrons and reducing c
influence, accurate c ray monitoring equipment is sug-

gested to apply for c measurement during on-site calibra-

tion. c influence can be reduced after a revision of neutron

measured value. To achieve the requirement of on-site

calibration, the appropriate distance between calibration

position and source core is suggested due to the different

neutron yield versus radial distance.
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Fig. 7 Energy spectra of neutron (a) and c (b) for obtaining thermal neutrons
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5 Conclusion

MCNP software is applied to simulate the effects of

typical shielding materials and different energy neutrons.

Through comparison of shielding effects by changing dif-

ferent material combinations, the optimal scheme can be

obtained. On this base, a tapered alignment filtration

structure is designed and the filtration effects of different

materials are simulated to obtain the filtration schemes of

monoenergetic outgoing points of 14.1 MeV, 0.18 MeV

and thermal neutrons. The purpose of ‘‘multiple energies

from one source’’ is achieved to provide reference data and

technical support for on-site calibration technology

research on radiation monitoring, as well as the technical

reference for various neutron tubes application researches.
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